Insulin and related peptides play important and conserved functions in growth and metabolism. Although Drosophila has proved useful for the genetic analysis of insulin functions, little is known about the transcription factors and cell lineages involved in insulin production. Within the embryonic central nervous system, the MP2 neuroblast divides once to generate a dMP2 neuron that initially functions as a pioneer, guiding the axons of other later-born embryonic neurons. Later during development, dMP2 neurons in anterior segments undergo apoptosis but their posterior counterparts persist. We show here that surviving posterior dMP2 neurons no longer function in axonal scaffolding but differentiate into neuroendocrine cells that express insulin-like peptide 7 (Ilp7) and innervate the hindgut. We find that the postmitotic transition from pioneer to insulin-producing neuron is a multistep process requiring retrograde bone morphogenetic protein (BMP) signalling and four transcription factors: Abdominal-B, Hb9, Fork Head, and Dimmed. These five inputs contribute in a partially overlapping manner to combinatorial codes for dMP2 apoptosis, survival, and insulinergic differentiation. Ectopic reconstitution of this code is sufficient to activate Ilp7 expression in other postmitotic neurons. These studies reveal striking similarities between the transcription factors regulating insulin expression in insect neurons and mammalian pancreatic b-cells.
Introduction
Insulin, a key regulator of carbohydrate and lipid metabolism, is secreted by the ß-cells of the pancreas [1] . Deficiencies in insulin signalling underlie type I diabetes and also the more widespread type II diabetes often associated with obesity [2, 3] . Considerable effort, therefore, has been focused on understanding the development and differentiation of ß-cells [4] [5] [6] , resulting in the identification of a number of mammalian regulators of insulinergic identity. However, the precise lineage relationships between progenitor cells and each of the five different postmitotic cell types of the endocrine pancreas, including the ß-cells, remains unclear. This, together with uncertainty about whether some key regulators act in progenitors or postmitotic ß-cells, or in both, obscures the sequence of regulatory events converting pancreatic progenitors into fully differentiated, insulin-expressing ß-cells.
Insulin-like peptides (Ilps) have been identified in many vertebrate and invertebrate species, suggesting that they evolved prior to a specialised endodermally derived pancreas [7, 8] . In Drosophila, seven differentially expressed Ilps have been identified as orthologues of mammalian insulins and/or insulin-like growth factors [9] . Four of the Ilps (Ilp1, Ilp2, Ilp3, Ilp5) are coexpressed in a small population of median neurosecretory cells (mNSCs) in the brain that share a common progenitor lineage [10] . This provides a source of Ilps that can be secreted into the circulating haemolymph to promote insulin signalling in many different target tissues. Several elegant studies have harnessed the power of Drosophila genetics to demonstrate that insulin signalling plays important functions in regulating organismal growth, cell differentiation, glucose homeostasis, lipid metabolism, lifespan, and fertility [11] [12] [13] [14] [15] [16] . Drosophila also promises to provide a powerful system for investigating how insulin production is regulated. Progress in this area, however, remains limited by the lack of information on the key regulators that generate insulin-producing cells from their progenitors.
During central nervous system (CNS) development, early differentiating neurons extend pioneer tracts that prefigure the major axonal tracts and guide subsequent nerve growth [17] [18] [19] . The presence of these pioneer (or primary) neuron populations is a conserved feature of CNS development and, remarkably, the early axonal scaffolds of the insect ventral nerve cord (VNC) and the vertebrate spinal cord are very similar [17, [20] [21] [22] . The importance of pioneer tracts is well established: targeted ablation or blocked differentiation of pioneer neurons results in defective fasciculation and misrouting of follower axons [23] [24] [25] . As pioneer neurons have been observed to undergo apoptosis in the embryo, it has been proposed that once they have established the axonal scaffold, they have no further function [24, 26, 27] . In the embryonic Drosophila VNC, however, identified dMP2 pioneer neurons only die in anterior segments, leaving a surviving posterior subpopulation. Cell death in posterior dMP2 neurons is normally prevented by the Hox protein Abdominal-B (Abd-B), which represses the pro-apoptotic genes reaper (rpr) and grim [28] .
The persistence of some dMP2 neurons raises the possibility that, either there is a longer-lasting requirement for axonal scaffolding functions in posterior than in anterior segments, or that surviving dMP2 neurons perform additional, as yet uncharacterised, roles. Here, we show that surviving dMP2 neurons express the insulin-like peptide Ilp7 at late stages, thus identifying a posterior neural source of insulin distinct from the brain mNSCs. We use axonal tracing and genetic cell ablations to show that dMP2 neurons mature and differentiate into insulin-producing visceral neurons after they are no longer required for axonal scaffolding. Then, making use of the well-defined dMP2 cell lineage and postmitotic mutant rescue experiments, we identify five regulators of the late neuronal programmes for cell survival and Ilp7 expression. This study reveals, for the first time to our knowledge, similarities between the insulinergic genetic programmes of the Drosophila CNS and the mammalian pancreas.
Results

Posterior dMP2 Neurons Express Ilp7
To investigate potential late roles for the surviving posterior dMP2 pioneer neurons, we searched the literature for candidate factors with restricted expression in a single neuron in posterior hemisegments. A previous study noted that Ilp7 has a similar segmentally restricted pattern of mRNA expression in the VNC [9] . After confirming the predicted Ilp7 mRNA sequence by reverse transcriptase-PCR (see Text S1 for details), we generated antibodies recognizing either the A or the B chain of the Ilp7 peptide ( Figure S1D ). These both show that the spatial expression pattern of Ilp7 peptide is similar to that of Ilp7 RNA ( Figure S1A-S1C) . Henceforth, the antibody against the Ilp7 B chain is used in this study. Ilp7 peptide is first detected just prior to larval hatching, in late stage 17 embryos with air-filled tracheae (AFT). A dMP2-specific GAL4 driver [28] was used to reveal that Ilp7 is strongly activated at this stage in the single dMP2 neuron in each of the A6-A9 hemisegments ( Figure 1A ). Thus, in addition to weakly expressing the widely distributed neuropeptide proctolin [28] , dMP2 neurons specifically and strongly express Ilp7 peptide. We hereafter refer to these Ilp7-producing neurons as insulinergic. Once activated, Ilp7 is strongly and stably expressed in postmitotic dMP2 neurons throughout the three larval instars (L1-L3) and also into adulthood ( Figure 1B-1F ). Ilp7 is also weakly and dynamically expressed in a few other neurons located anterior to A6 (Figures 1B-1F) . In contrast to four other Ilps, it is not expressed in the brain mNSCs. However, Ilp7 neurites, likely originating from a single dorsal pair of Ilp7-expressing neurons (DP, Figure 1E ), project close to the insulinexpressing mNSCs ( Figure S2 ).
The dMP2 neuron is produced from the MP2 precursor, an atypical neuroblast that divides once and only once to generate a two-cell lineage in which the differential activation of Notch signalling determines sibling identity [29] [30] [31] [32] . Combining this previous lineage information with our Ilp7 analysis indicates that the MP2 precursor division in A6-A9 generates an Ilp7 þ neuron (dMP2), in which Numb suppresses Notch signalling, and an Ilp7 À Numb À sibling neuron (vMP2) with active Notch signalling.
Ilp7-Expressing dMP2 Neurons Innervate the Larval and Adult Hindgut
In addition to the neural Ilp7 expression, we observed strong Ilp7 immunoreactivity in the larval and adult hindgut. Costaining with dMP2 drivers indicates that the axons of posterior dMP2 neurons exit the VNC in the posterior nerve at embryonic stage 16 and innervate the hindgut, forming two fascicles that extend on opposite sides of the hindgut in an aboral to oral direction during larval stages ( Figure 1E and 1G). Ilp7-positive nerve swellings are apparent throughout the length of these dMP2 fibres, consistent with en passant release sites over the circular muscles of the hindgut. Preincubation of Ilp7 antibodies with dissected hindguts prior to fixation reveals extracellular expression of mature Ilp7 peptide at dMP2 terminals (Figure S1E-S1F'). By the adult stage, hindgut Ilp7-positive fibres have become arborized with branches innervating both the anterior intestine and the rectum ( Figure 1H and 1I ). Besides the CNS and hindgut, we did not detect Ilp7 immunoreactivity in any other larval tissues.
Our analysis thus far reveals that, following a segmentspecific burst of cell death, surviving posterior dMP2 neurons undergo a transition to become insulin-producing visceral neurons that innervate the larval and adult hindgut ( Figure 1J ).
Pioneer Function and Insulinergic Identity Are Temporally Separated
We first detect Ilp7 expression in surviving posterior dMP2 neurons more than 5 h after their anterior counterparts have undergone apoptosis [23, 28] . To determine whether Ilp7-expressing dMP2 neurons are retained because they are required for some late pioneer-like role in posterior fascicle maintenance, we used dMP2-GAL4 to express the cell death activators hid and rpr (Figure 2A and 2B 
Author Summary
Genetic studies using invertebrate model organisms such as Drosophila have provided many new insights into the functions of insulin and related peptides. It has, however, been more difficult to use Drosophila to study the regulation of insulin, at least in part because the relevant insulinergic cell lineages were not well characterised. Here, we have identified a cell lineage that generates a single Drosophila insulin-producing neuron. This neuron first functions as a pioneer, guiding the axons of other neurons within the central nervous system of the embryo. It then develops long axons that exit the central nervous system to innervate the gut and also begins to express an insulin-like peptide. Genetic analysis identifies four transcription factors and one extrinsic signal that instruct the pioneer neuron to become an insulin-producing neuron. The analysis also reveals similarities between the genetic programmes specifying insulin production by Drosophila neurons and mammalian pancreatic ß-cells. This suggests that Drosophila may, in the future, prove a useful model system for identifying new regulators of human insulin production.
posterior dMP2 neurons at stage 17 did not disrupt the integrity of the major Fasciclin II-positive larval longitudinal connectives ( Figure 2E and 2F) . Nevertheless, as different pioneer neurons can function synergistically in longitudinal tract formation [23] , we next ablated two types of pioneer neuron simultaneously. Using odd-GAL4 [28, 33] to express hid and rpr, we were able to co-ablate dMP2 and MP1 pioneer neurons during embryonic stages 15-17 ( Figure 2C and 2D) . Despite loss of all dMP2 and MP1 pioneer neurons from stage 17 onwards, the Fasciclin II-positive longitudinal tracts remained intact at late L1 stages ( Figure 2G ). Together, the ablation experiments reveal that after posterior dMP2 (E) Cartoon summarizing the mature Ilp7 expression pattern in a third-instar larva. Besides the eight posterior dMP2 neurons in A6-A9, a dorsal pair (DP) in A1 and the three lateral pairs in A1-A3 typically express Ilp7 (LATs). Weak Ilp7 immunoreactivity is occasionally observed in a fourth lateral neuron per hemisegment in A4, a more anterior dorsal pair, and a neuron located at base of each brain hemisphere (empty circles). dMP2 axons exit in the posterior nerve, whereas DP processes extend anteriorly towards the pars intercerebralis and terminate near the insulin-producing mNSCs ( Figure S2 ). LAT processes are not always apparent, but they seem to project towards the midline. neurons have fasciculated with later-differentiating neurons to form mature axon bundles and have activated Ilp7 expression, they are no longer required for fascicle maintenance. Therefore, pioneer function and insulinergic activity correspond to distinct early and late steps during the postmitotic maturation of the dMP2 neuron.
Retrograde BMP Signalling Promotes Ilp7 Expression
We then explored whether cell extrinsic factors might regulate the dMP2 insulinergic programme. Expression of the neuropeptide FMRFamide (FMRFa) requires a retrograde signal from Glass-bottom boat (Gbb), a bone morphogenetic protein (BMP) family growth factor [34, 35] . This activates the Wishful-thinking (Wit) receptor in neurons, leading to the phosphorylation and consequent activation of Mothers against dpp (Mad). Although pMad activation is an absolute requirement for expressing FMRFa, no other Drosophila neuropeptides or neurotransmitters have yet been shown to be regulated in this manner. As Mad is also activated in posterior dMP2 neurons around the time when Ilp7 is first expressed ( Figure 3G ) [28] , we examined Ilp7 expression in BMP pathway mutants. Reduced or absent Ilp7 expression was observed in gbb mutants ( Figure 3B ), Mad mutants ( Figure  S3E and S3F), saxophone (sax) mutants ( Figure S4 ), and upon cell-autonomous interference with retrograde axonal transport using the dominant-negative dynactin, P150/Glued (UASGlued DN , Figure 3E ). In wit mutants, we observed that Ilp7 expression is consistently reduced or absent in late embryos and early L1 larvae ( Figure 3A , 3C, and 3H, p , 0.001). Even by the end of L1, Ilp7 intensity levels remain significantly lower than those of stage-matched wild-type larvae ( Figure  3H , p , 0.01). Ilp7 expression is likely to be regulated at the transcriptional level by wit, gbb, and Mad as loss-of-function mutants show altered expression of Ilp7 RNA ( Figure S3A -S3F). Cell-autonomous reintroduction of wit in dMP2 neurons rescues Mad activation and Ilp7 expression, thus demonstrating that the insulinergic programme requires BMP signal transduction in a cell-autonomous and postmitotic manner ( Figure 3F and 3H, p , 0.001). In contrast to Ilp7 expression, dMP2 early specification and segmentspecific survival are not affected in P150/Glued or BMP pathway mutants ( Figures 3A-3E ,insets, S5, and S6). Hence, retrograde BMP signalling does not provide a general dMP2 specification or survival signal but is required, at late postmitotic stages, to promote Ilp7 expression.
Postmitotic Dimmed Activity Promotes Ilp7 Expression
We next investigated the identity of the cell-intrinsic transcription factors specifying the late postmitotic programme for insulinergic activity. The basic helix-loop-helix factor Dimmed (Dimm), the Drosophila orthologue of vertebrate Mist1, is an important regulator of neuroendocrine cell differentiation [36] . Dimm is first expressed in dMP2 neurons when apoptosis is underway in anterior segments, several hours before the onset of detectable Ilp7 expression ( Figure  3G ) [37] . Although many aspects of dMP2 differentiation are normal in dimm mutants, including segment-specific death (Figures 3D, inset, and S5C), Ilp7 peptide expression is significantly downregulated ( Figure 3A , 3D, and 3H, p , 0.01). Dimm regulation of Ilp7 is not confined to the level of peptide processing as Ilp7 RNA is also downregulated in dimm mutants ( Figure S3G and S3H). Ilp7 levels remain abnormally low in dimm mutants throughout development, and this phenotype can be reversed (to higher Ilp7 levels than those of wild-type larvae) by postmitotic, cell-autonomous expression of dimm in dMP2 neurons using dMP2-GAL4 ( Figure 3H , p , 0.0001). Thus, Dimm expression not only precedes but is also required for high-level Ilp7 production.
Hb9 Functions Sequentially to Promote dMP2 Apoptosis and Ilp7 Expression
In Drosophila, the homeodomain transcription factor Hb9 is expressed in a subset of postmitotic motor neurons, where it regulates axonal pathfinding [38, 39] . Interestingly, embryos lacking the cell death activators hid, grim, and rpr contain increased numbers of Hb9-positive neurons, suggesting that Hb9 might also promote neuronal cell death [40] . Both anterior and posterior dMP2 neurons express Hb9 from embryonic stage 10-11, soon after they become postmitotic [38] . Hb9 expression in dMP2 neurons is maintained throughout embryogenesis but, by first-instar stage, it is only apparent in dMP2 neurons of A8 and A9 ( Figure 4A and 4B). Examination of dMP2 specification in hb9 mutants revealed two distinct phenotypes: 68.3% of anterior dMP2 neurons fail to undergo apoptosis ( Figure 4C , 4D, and 4M), and 40.8% of posterior dMP2 neurons (as well as 100% of ectopic anterior counterparts) fail to express Ilp7 ( Figures 4C, 4D , 4M, and S3J). Reintroduction of hb9 from embryonic stage 16 onwards using dMP2-GAL4 rescued Ilp7 expression (96.7%, Figure 4E and 4M) but failed to rescue anterior apoptosis (66.7% of anterior dMP2 neurons persist in early first-instar larvae, Figure 4E and 4M). This experiment uncouples the dual roles of Hb9 in cell death and Ilp7 expression and indicates that late cell-autonomous activity of Hb9 is sufficient to activate Ilp7. We then reintroduced Hb9 in dMP2 neurons using odd-GAL4, which is expressed in dMP2 neurons from embryonic stage 10 onwards, much earlier than dMP2-GAL4. This efficiently rescued both anterior apoptosis (96.9% of anterior dMP2 neurons underwent apoptosis by early first-instar) and Ilp7 expression (94.1% of posterior dMP2 neurons were Ilp7-positive, Figure 4F and 4M). We thus conclude that the proapoptotic activity of hb9 is required at an earlier stage of postmitotic dMP2 maturation than its function in Ilp7 activation.
To establish whether properties of dMP2 other than apoptosis and Ilp7 expression are also regulated by Hb9, we (E) Blocking retrograde axonal transport cell-autonomously in dMP2 neurons results in absent or reduced Ilp7 expression. dMP2 neurons are otherwise correctly specified in all these mutants, as revealed by their expression of dMP2-GAL4 and Odd (B-E, insets). (F) Postmitotic, cell-autonomous expression of wit in dMP2 neurons restores Ilp7 expression levels. (G) Acquisition of neuropeptidergic fate precedes Ilp7 expression. After their pioneer function, anterior dMP2 neurons die, whereas posterior dMP2 neurons begin to express dimm, exit the VNC, receive a gbb signal that leads to Mad phosphorylation, thus allowing them to express Ilp7. (H) Quantification of phenotypes. The number of posterior dMP2 neurons expressing Ilp7 in wit, gbb, and odd GAL4 /UAS-Glued mutants at the end of embryogenesis is significantly reduced when compared to the wild-type (t-test, p , 0.001, n . 9 for all). Ilp7 is more frequently absent from A6/A7 than from A8/A9 segments in wit, gbb, and dimm mutants, probably because a general reduction in expression appears more pronounced in the weakerexpressing segments. dMP2 postmitotic expression of Wit in wit mutants significantly rescues this phenotype (p , 0.0001, n ¼ 10). In first-instar larvae, Ilp7 intensity levels remain low (p , 0.01, n . 6 for all). dMP2 postmitotic expression of Wit in wit mutants or Dimm in dimm mutants significantly rescues this phenotype (p , 0.0001, n . 6 for all). The intensity index for A6/A7 and A8/A9 was quantified separately because the latter segments always express higher levels of Ilp7. examined a number of markers that define different stages of dMP2 specification. Early dMP2 markers such as Odd-skipped (Odd) and Fork Head (Fkh, see next section) remain expressed in hb9 mutants in both anterior and posterior dMP2 neurons ( Figure 4G , 4H, and 4M). At stage 16, the posterior dMP2-specific marker Abd-B is also retained ( Figure 4I and 4M) . By stage 17, dMP2 neurons in hb9 mutants are still able to express Dimm and activated Mad, project axons posteriorly along the most medial fascicle, and exit the VNC to innervate the hindgut correctly ( Figure 4J-4N) . Thus, Hb9 is not a general postmitotic regulator of all aspects of dMP2 differentiation. Instead, it promotes apoptosis and Ilp7 (E) Postmitotic, cell-autonomous expression of hb9 from stage 16 in dMP2 neurons using dMP2-GAL4 restores Ilp7 expression levels, but not apoptosis. A9 expression is not rescued, as dMP2-GAL4 is rarely expressed in this segment. (F) Expression of hb9 in dMP2 neurons from stage 10 rescues both Ilp7 expression and anterior apoptosis. (G-L and N) Other aspects of dMP2 specification are unaffected in hb9 mutants. Anterior and posterior dMP2 neurons express early markers, such as Odd and Fkh (G and H, respectively). Unusually, Odd expression was weaker in anterior segments and was often absent from the S3, T1, and T2 anteriormost segments at stage 16, even though dMP2-GAL4 and Fkh were present (unpublished data). Posterior dMP2 neurons express Abd-B (I). In late embryos, posterior dMP2 neurons express pMad (J) and Dimm (K), and exit the VNC in the correct nerve (L). Abnormal, lateral projections were only rarely observed (5% of posterior segments, unpublished data). (N) dMP2 axons innervate the hindgut correctly. (M) Quantification of hb9 phenotypes. In the rescue of Ilp7 with dMP2-GAL4, Ilp7 expression was only assessed in GAL4þ dMP2s, as assessed by UAS-CD8-GFP expression, given that dMP2-GAL4 is not always expressed in A8, and it is rarely expressed in A9. For clarity, the total percentage of Ilp7-expressing/dMP2-GAL4-expressing posterior neurons per VNC has been recalculated for a final number of eight neurons, in order to compare it to the wild-type Ilp7 expression. n . 10 VNCs for each marker. Asterisks denote significance (t-test p , 10 À5 or less) when hb9 mutants were compared to wild-type CNSs, or when rescued CNSs were compared to hb9 mutants. 
Fkh Regulates Apoptosis, Ilp7 Expression, and Other Aspects of dMP2 Late Differentiation
We next examined the expression pattern of the wingedhelix/forkhead box transcription factor Fkh, which has not been well characterised in the Drosophila CNS. We find that Fkh is expressed in segmentally repeated clusters of midline neurons, including dMP2, vMP2, MP1 neurons, and the VUM interneurons ( Figure 5A and unpublished data) . Within the MP2 lineage, Fkh is first expressed in the MP2 neuroblast at stage 9-10 and continues to be expressed in both the dMP2 and vMP2 daughters throughout embryonic and larval stages ( Figure 5B ). In fkh mutants, 95% of anterior dMP2 neurons fail to undergo apoptosis, and 95.3% of posterior dMP2 neurons (and 100% of ectopic anterior counterparts) fail to express Ilp7 ( Figures 5C, 5D, 5L, and S3I) . Both of these . The routinely used dMP2-GAL4 driver is not expressed in fkh mutants, hence the choice of CY27-GAL4 to identify dMP2 neurons up to stage 17 or odd GAL4 in late embryos with air-filled tracheae where CY27-GAL4 expression is no longer restricted to dMP2 neurons. doi:10.1371/journal.pbio.0060058.g005 Figure 5E and 5L) .
The Fkh requirement does not extend to all features of dMP2 specification as fkh mutant dMP2 neurons still retain expression of some early dMP2 markers such as Odd, Hb9, and Abd-B at stage 15-16 ( Figure 5F -5H and 5L). However, later events such as Mad activation and Dimm expression are delayed or blocked ( Figure 5I, 5J, and 5L) . Also, at stage 17, dMP2 axons often exit the VNC prematurely or, occasionally, cross the midline (Figure 5K and 5L) . These phenotypes could all be rescued by reintroducing Fkh in dMP2 neurons in a cell-autonomous manner ( Figure 5L-5N) .
Thus, dMP2 neurons are initially specified with the correct early postmitotic identity in an Hb9-and Fkh-independent manner. Their late differentiation, however, requires inputs from both transcription factors. Removing either factor blocks segment-specific survival and subsequent Ilp7 expression. However, whereas Hb9 specifically affects Ilp7 expression, Fkh acts as a postmitotic progression factor required for most aspects of late dMP2 identity ( Figure S8 ).
The Hox Protein Abd-B Is Specifically Required for Ilp7 Expression
Members of the conserved Hox gene family regulate segment-specific aspects of cell fate (reviewed in [41, 42] ). The Hox protein Abd-B is known to promote posterior dMP2 survival [28] . We next addressed whether Abd-B or other Hox proteins might also regulate aspects of dMP2 differentiation. At early stage 17, prior to the onset of Ilp7 expression, posterior dMP2 neurons in A6-A7 coexpress the Hox proteins Abdominal-A (Abd-A) and Abd-B (and, occasionally in A6, Ultrabithorax [Ubx]), whereas in A8-A9 they express Abd-B only ( Figure 6A ). To test the involvement of Hox proteins in dMP2 differentation, we generated triple mutants simultaneously lacking the activity of Abd-Bm (the Abd-B isoform expressed in A6-A8 dMP2s) and the pro-apoptotic genes rpr and sickle (skl). In these triple mutants, posterior dMP2 neurons survive even though Abd-Bm activity is absent from A6-A8. In A6 and A7, dMP2 neurons still express Abd-A, A8 is Hox-free, and A9 retains expression of the Abd-Br isoform ( Figure 6C ) [28] . We examined Ilp7 peptide in these mutants and found it to be expressed in A9 but absent from A6-A8 ( Figure 6D ). Ilp7 RNA was also absent from A8 and reduced or absent from A6/A7 ( Figure S3K ). This indicates that Abd-B activity is required for Ilp7 expression and suggests that the other Hox proteins expressed in dMP2 neurons do not possess this function. To test this more directly, we reintroduced several Hox proteins in Abd-B, rpr, skl mutant dMP2 neurons postmitotically and cell-autonomously using dMP2-GAL4. In this context, Abd-B expression is able to rescue Ilp7 expression (87%, Figure 6K ) but neither Abd-A ( Figure 6L ) nor Ubx ( Figure 6M ) are able to substitute for this function. Thus, Abd-B is required cell-autonomously for Ilp7 expression in posterior dMP2 neurons.
We then assessed whether Abd-B has a positive input into Ilp7 activation or whether it functions negatively in dMP2 neurons to repress more anterior Hox proteins [43] . We therefore examined the development of dMP2 neurons in A8: the Hox ''ground-state'' segment in Abd-B, rpr, skl mutants that lacks expression of any Hox genes. dMP2 generation and early specification in A8 occur normally, as revealed by their expression of Odd, Fkh, and Hb9 ( Figure 6E-6G, respectively) . Nevertheless, acquisition of late identity at stage 17 was partially disrupted as 27% of A8 dMP2 neurons fail to express Dimm ( Figure 6I ) and 37% of them fail to activate BMP signalling ( Figure 6H ). These low-expressivity effects appear unlikely to account for the 100% absence of Ilp7 as restoration of Dimm and BMP signalling was unable to rescue Ilp7 expression in triple-mutant dMP2 neurons in A8 ( Figure  6N ). Although we could not assess pathfinding in an A8 segment-specific manner, no ectopic dMP2 projections were observed ( Figure 6J ).
In summary, while early dMP2 specification is largely Hoxindependent, Ilp7 expression is under postmitotic Hox control at two levels: Abd-B promotes posterior dMP2 survival and subsequently plays a specific role in promoting Ilp7 expression ( Figure S8 ).
Misexpression of the Insulinergic Code Ectopically Activates Ilp7 in Some Neurons
To test the sufficiency of the transcription factors identified in this study, we attempted to reconstitute an ectopic ''Ilp7 code'' in other postmitotic neurons. To bypass embryonic lethality, we confined our misexpression to a subset of postmitotic neurons. OK371-GAL4 was used to drive expression in about 30 postmitotic motor neurons per hemisegment [44] . We reasoned that, as motor neurons possess active BMP signalling and often express Hb9 [35, 38, 39] , misexpression of Dimm, Abd-B, and Fkh in this neuronal type might be sufficient to reconstitute the Ilp7 code described here. When either Abd-B or Fkh were misexpressed in this motor neuron domain, no ectopic Ilp7 activation was observed ( Figure 7A , 7B, and 7E). Misexpression of Dimm alone led to occasional, weak activation of Ilp7 in one cell per hemisegment ( Figure 7C and 7E) . In contrast, combinatorial misexpression of Dimm, Fkh, and Abd-B consistently triggered strong ectopic Ilp7 activation in one neuron per hemisegment in A1-A7 together with weaker ectopic expression in several other neurons ( Figure 7D and 7E). This triple misexpression resulted in more Ilp7-positive ectopic cells than in any double misexpression ( Figure 7E , p , 0.001), indicating that all three Ilp7 regulators contribute in a combinatorial manner to activate Ilp7. Interestingly, combinatorial misexpression of Dimm, Fkh, and Abd-B in motor neurons did not lead to any detectable ectopic expression of Ilp2, an insulin-like peptide known to be expressed in the brain mNSCs ( Figure 7F ), nor did we observe ectopic activation of other neuropeptides/peptide hormones such as FMRFa ( Figure S7) . Thus, the insulinergic code that we have identified appears to be specific for Ilp7 expression.
Discussion
This study identifies an insulin-producing neuron and its cell lineage in Drosophila. It also uncovers four transcription factors and a retrograde signal that are required for this neuron to switch on expression of an insulin-like peptide. We now discuss the implications of these findings with respect to postmitotic neuronal maturation and the combinatorial transcription factor codes for neuronal death and insulin production.
Postmitotic Maturation from Pioneer to Insulinergic Visceral Neuron
The observed death of some Drosophila pioneer neurons has been used to argue that their function is transient [24, 27] , but persistence in other cases suggested that, either they continue to play an axonal-scaffolding role, or that they adopt some other identity [27, 45] . Our findings resolve this long-standing issue by clearly demonstrating that, for dMP2 neurons, the axonal scaffolding function is only transient. After this role is no longer required, surviving dMP2 neurons become insulinergic and innervate the hindgut. The other known innervation of the Drosophila gut occurs much more anteriorly, in the foregut and anterior midgut, from neuronal cell bodies located in the peripheral ganglia of the stomatogastric nervous system [46] . Unlike dMP2 neurons, however, the individual identities of the stomatogastric neurons and their cell lineages remain to be clearly defined. Thus, dMP2 neurons may provide a simple and well-characterised system for studies of the guidance cues involved in enteric innervation. Future studies, however, will be needed to determine the functions of Ilp7 in dMP2 neurons. It will be important to distinguish if this posterior neural source of insulin acts humorally to promote growth, like the more anterior brain mNSCs [15, 16] , or if it has more local effects in abdominal tissues. In this regard, the presence of Ilp7-expressing neurites in close proximity to the Ilp2-producing mNSCs is intriguing.
The transition from pioneer to neuroendocrine neuron is not unique to dMP2 neurons, as Drosophila MP1 pioneer neurons also become neuropeptidergic at larval stages [47] . In the grasshopper, segment-specific survival of pioneer neurons has also been reported [45] , raising the possibility that they too may become neuroendocrine. Studies in other species, including vertebrates, will be needed to reveal the extent to which the linkage between pioneer and neuroendocrine functions is conserved. Identifying pioneer neurons with an ''ancestral'' neuroendocrine identity [48] in other phyla would lend further support to the proposal that pioneer neurons are highly conserved in evolution [17, 20, 49] .
Combinatorial Developmental Regulation of Neuronal Apoptosis
Apoptosis of postmitotic neurons is a widespread feature of normal VNC development [28, 40] , but few developmental regulators of core pro-apoptotic genes such as grim, hid, and rpr have been identified. This study uncovers roles for Fkh and Hb9. Hb9, at least, appears linked to cell death in neurons other than dMP2: in Df(3L)H99 mutant embryos, where apoptosis is blocked, ectopic Hb9-positive RP motor neurons are observed in segments A7-A8 [40] . Hb9 is an important regulator of motor neuron identity in both Drosophila and vertebrates [50, 51] . Our finding of a pro-apoptotic function for Hb9 in Drosophila, together with the neurotrophic requirement for motor neuron survival in vertebrates, raises the possibility that the same genetic programmes specifying the identities of motor neurons also sensitise them for postmitotic editing via apoptosis.
Hb9 and Fkh expression in many neurons that do not die suggests a combinatorial mechanism for the control of developmental apoptosis. One possibility is that several transcription factors function in combination to activate the core pro-apoptotic genes. Given the proposed role for Foxa proteins in chromatin accessibility [52] , Fkh expression in dMP2 neurons may render the promoters of core proapoptotic genes responsive to activation by Hb9. An alternative but not mutually exclusive mechanism involves individual transcription factors activating different pro-apoptotic genes such that a combination of these would then be required to trigger neuronal death. For example, Hb9 could be required for rpr/skl but not grim expression. Some support for this idea comes from the observation that loss of hb9 activity blocks rpr/ skl-mediated death of dMP2 neurons but not the largely grim- An important conclusion from this study is that the combinatorial transcription factor code controlling apoptosis partially overlaps with that regulating insulinergic identity (see next section). Thus, Fkh and Hb9 are both essential components of the codes for anterior apoptosis and also Ilp7 expression, illustrating that these transcription factors play surprising dual roles as pro-apoptotic and pro-differentiation factors within the same neuronal subtype. Importantly, our results also show that the segment-specific Hox protein Abd-B acts as a postmitotic switch, converting the pro-apoptotic
A Postmitotic Combinatorial Code for Insulinergic Identity
Three Ilp7 regulators (Hb9, Abd-B, and Fkh) are expressed at least 12 h before Ilp7 is first activated: from the time when the MP2 neuroblast exits the cell cycle. In the case of Hb9, we were able to uncouple two temporally separable functions. Early postmitotic expression of Hb9 is important for its death-activating function, whereas later expression suffices for activating Ilp7. Similarly, the Hox protein Abd-B generates a segment-specific neuropeptide pattern via postmitotic regulation of posterior dMP2 survival and also Ilp7 activation. As vertebrate neuropeptides are also expressed in restricted neuronal populations within specific rostrocaudal domains [53, 54] , they may be similarly regulated by Hox survival/neuroendocrine inputs. In the case of Fkh, it is required for many different aspects of the progression from the early to the late postmitotic dMP2 fate. Fkh expression is restricted to VNC midline neurons and its vertebrate orthologue Foxa2 functions in the differentiation of the floor plate and ventral dopaminergic and serotonergic neurons [55] [56] [57] . Thus, in both the Drosophila midline and its vertebrate counterpart, the floor plate [20, 58] , Fkh proteins play a conserved role in the differentiation of ventral neuronal subtypes.
The other two dMP2 regulators identified in this study, Dimm and the BMP pathway, are switched on shortly before the onset of Ilp7 expression. The timing of onset of these two broad neuroendocrine regulators is likely to specify when Ilp7 is first activated, whereas the earlier factors Fkh, Hb9, and Abd-B may contribute more specifically to insulinergic identity. Together, the genetic and expression analyses in this study demonstrate that the combinatorial code of genetic inputs required for Ilp7 expression is assembled in a stepwise manner during postmitotic maturation (Figure 8) . Importantly, this allows a subset of the components to be shared (such as Fkh and Hb9) between sequential neuronal programmes (survival and Ilp7 expression) without losing output specificity.
Two observations from this study indicate that insulinergic combinatorial codes can vary from cell-to-cell and also from one Ilp to another. First, none of the regulators of Ilp7 in dMP2 neurons appear to regulate it in DP neurons. Second, the dMP2 insulinergic code is sufficient to trigger ectopic expression of Ilp7 but not Ilp2 or other neuropeptides such as FMRFa. These findings suggest the existence of additional, as yet unidentified, insulinergic factors in DP neurons and also in the brain mNSCs where Ilp2 is expressed. Recent identification of the neural progenitor for these mNSCs [10] should facilitate characterization of the Ilp1/Ilp2/Ilp3/Ilp5 combinatorial codes and thus clarify the extent to which different insulinergic transcriptional programmes overlap.
A Conserved Developmental Programme for Insulin Expression?
Our finding that an Ilp7-expressing neuron derives from the MP2 lineage reveals that at least some insulinergic regulators are similar in insects and mammals. Three apparent similarities may not be very insulin-specific but reflect more general processes shared by neural and endocrine programmes in many species. First, Notch signalling singles out the MP2 neuroblast and distinguishes its two progeny neurons, while in mammals, it limits pancreatic expression of the ''proneural'' gene Ngn3 to prospective endocrine cells [6] . Second, the survival and pro-Ilp7 functions mediated by Abd-B in the dMP2 neuron could also have their postmitotic counterparts in ß-cells, either mediated by related Hox genes [59] or via another homeobox gene, Pdx-1, following its early input into pancreatic induction [6, 60] . And third, Nerfin-1 is required for dMP2 pioneer function [61] , while its mammalian orthologue Insm1/IA1 is important for pancreatic ß-cell specification [62] .
Several more specific regulatory similarities exist between the insulinergic differentiation factors active in postmitotic dMP2 neurons (Figure 8 ) and pancreatic ß-cells [4, 6] . For example, the role of fkh in dMP2 neurosecretory differentiation described in this study is similar to the functions of HNF3b/Foxa2 in islet maturation and insulin secretion [63, 64] . In addition, mammalian Nkx2.2 is important for pancreatic ß-cell specification [65] and is known to activate transcription of the insulin regulator Nkx6.1: an important late event in ß-cell differentiation [6] . Intriguingly, the Drosophila orthologue of Nkx2.2, Vnd, is required for dMP2 formation [61, 66] . Drosophila Nkx6.1, the orthologue of mammalian Nkx6 (FlyBase name HGTX), is expressed by postmitotic dMP2 neurons [67] , and it will be interesting to determine whether it too functions downstream of Vnd during Ilp7 regulation. Most strikingly, mammalian equivalents of two of the insulinergic inputs identified in this study, Hb9 and BMP signalling, are also required for several aspects of late ß-cell differentiation including the expression of Nkx6.1 and insulin [68] [69] [70] . Together, these insect-mammalian comparisons provide evidence that, although the cell types involved look very different, some of the genetic circuitry regulating insulin is conserved between arthropods and chordates. This suggests that the power of fly genetics can now be harnessed to identify additional mammalian regulators of neuroendocrine cell fates and insulin expression.
Materials and Methods
Fly stocks. The following fly stocks were used: dMP2-GAL4, UAS-nlsmyc-EGFP (referred to as UAS-nmEGFP), Abd-B
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, UAS-Antennapedia, UAS-Ubx, UAS-abd-A, UAS-Abd-Bm (referred to as UAS-Abd-B), Df(3L)XR38 and Df(3L)H99 deficiencies (referred to as XR38 and H99, respectively) [28] , UAS-GFP [33] ; UAS-CD8-GFP [75] ; UAS-hid, UAS-rpr [76] ; OK371-GAL4 [44] ; and Ilp2-GAL4 [16] . Mutants were maintained over CyO,Act-GFP or TM3,Ser,Act-GFP balancer chromosomes. y w or w 1118 or heterozygous mutant stocks were typically used as control. Crosses were maintained at 25 8C, except for OK371 crosses, which were kept at 21 8C.
Immunohistochemistry. Immunolabelling was carried out as previously described [34] . Antibodies used were: rabbit a-Ilp7 (1:5,000, see below for details), rabbit a-Odd (1:1,000) [31] , guinea pig a-Fkh (1:800) [77] , rabbit a-Hb9 (1:2,000) [38] , guinea pig a-Dimm (1:1,000) [78] , rabbit a-pMad (1:2,000) [79] , mouse a-Ubx mAb FP3.38 (1:20) [80] , rat a-abd-A (1:400) [81] , rat a-Ilp2 (gift of P. Leopold, 1:400), mouse and rabbit a-green fluorescent protein (GFP) (Molecular Probes, 1:1,000 and 1:2,000, respectively), rat a-mouse CD8a (Caltag, 1:100), mouse mAb 1D4 a-fascilin II (1:50), mouse aAntennapedia mAb 4C3 (1:50), mouse a-Abd-B mAb 1A2E9 (1:20) (all from Developmental Studies Hybridoma Bank). Phalloidin-TX (Molecular Probes) was used at 1:1,000. FITC-, Rhodamine-Red-X-, and Cy5-conjugated secondary antibodies were obtained from Jackson Immunolabs and used at 1:200 (1:100 for the Cy5-conjugated antibody), and a Vectastain ABC kit was used for the detection of biotinylated anti-mouse antibody (Vector Laboratories, 1:1,000).
Ilp7 antibody generation. An antibody to Ilp7 was generated in rabbits against the synthetic peptide RERSQSDWENVWHQET. This sequence is within the predicted B chain and corresponds to amino acids 41-57 of the predicted Ilp7 protein. Peptide synthesis, antibody generation, and affinity purification were done by Eurogentec.
Details of a second antibody directed against the predicted A chain are available in Text S1.
Confocal imaging and data acquisition. Confocal images were obtained using a Leica SP5 confocal microscope. Where immunolabels were analysed for levels of expression, wild-type and mutant tissues were stained on the same slide. The intensity index used to quantify Ilp7 expression levels in dimm, wit, gbb mutants, and rescues ( Figure 3H ) was obtained as previously described [36] . Briefly, mutant and wild-type CNS were dissected, fixed, and processed together on polyLysine slides. They were imaged with exposure settings adjusted to optimize detection without saturating the signal, and identical settings were used for all preparations and genotypes. Mean pixel luminosity for the area covering the soma (S) was measured for each neuron using Adobe Photoshop. An adjacent area was sampled to measure the background signal (B). The intensity index was calculated as (S-B)/B. Statistical significance was calculated using two-tailed Student t-tests, assuming equal sample variance. Where appropriate, images were false-coloured for clarity, and red was converted to magenta for the benefit of colour-blind readers.
Supporting Information Figure S1 . Ilp7 mRNA and Peptide Expression In situ hybridisation of Ilp7 mRNA in first-and third-instar larvae (A and B, respectively) labels the same neuronal types as the anti-Ilp7 antibody, thus confirming its specificity. (C) dMP2 neurons express Ilp7 RNA, as revealed by in situ/ immunofluorescence double labelling of first-instar larvae carrying a dMP2 reporter line. (D) Ilp7 peptide sequence, with predicted signal peptide, B, C, and A chains. Optimal predicted cleavage sites, as identified in [9] , are in bold. The anti-Ilp7 antibody used throughout this study was generated against the peptide sequence highlighted in green. A second anti-Ilp7 antibody, used in panels F and F', was generated against the A chain sequence highlighted in magenta. (E-F9) Detection of mature Ilp7 B chain (E and E9) or A chain (F and F9) in or in close proximity to dMP2 terminals (green) on the visceral muscle of the hindgut (blue). See Text S1 for details. Genotypes: (A, B) y w; (C) dMP2-GAL4,UASnGFP/þ; (E-F') odd The effect on Ilp7 expression observed for all the mutants used in this study occurs at the transcriptional level. Ilp7 RNA is reduced or absent in wit (B), gbb (D), and Mad (F) mutants, and reduced in dimm mutants (H). Each of these panels is preceded by a wild-type CNS processed in parallel to illustrate the reduction in levels (A, C, E, and G). Ilp7 is absent from fkh mutant dMP2s (I) and often absent from hb9 mutant dMP2s (J). In Abd-Bm, rpr, skl mutants lacking Abd-B expression in A8 (arrow), no Ilp7 RNA is detected in this segment. Genotypes: (A) wit Genotypes: (A-G) UAS-CD8-GFP/þ; dMP2-GAL4,wit A12 /wit B11 ; (H-N) gbb 1 /gbb 1 ; UAS-CD8-GFP/dMP2-GAL4. Figure S8 . Summary of hb9, fkh, and Abd-B Phenotypes Cartoon summarizing the dual role of Hb9 as a pro-apoptotic and pro-insulinergic factor, the effects of Fkh on all aspects of the transition from pioneer to neuroendocrine identity, and the antiapoptotic and pro- 
